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ABSTRACT

A new method for determining unfiltered shortwave (SW), longwave (LW), and window radiances from filtered
radiances measured by the Clouds and the Earth's Radiant Energy System (CERES) satellite instrument is
presented. The method uses theoretically derived regression coefficients between filtered and unfiltered radiances
that are a function of viewing geometry, geotype, and whether cloud is present. Relative errors in instantaneous
unfiltered radiances from this method are generally well below 1% for SW radiances (std dev =0.4% or ~1 W
m~2 equivalent flux), less than 0.2% for LW radiances (std dev ~0.1% or ~0.3 W m~2 equivalent flux), and
less than 0.2% (std dev =~0.1%) for window channel radiances.

When three months (June, July, and August of 1998) of CERES Earth Radiation Budget Experiment (ERBE)-
like unfiltered radiances from the Tropical Rainfall Measuring Mission satellite between 20°S and 20°N are
compared with archived Earth Radiation Budget Satellite (ERBS) scanner measurements for the same months
over a 5-yr period (1985-89), significant scene-type dependent differences are observed in the SW channel.
Full-resolution CERES SW unfiltered radiances are =7.5% (=3 W m~2 equivalent diurnal average flux) lower
than ERBS over clear ocean, as compared with =1.7% (=4 W m~2 equivalent diurnal average flux) for deep
convective clouds and =~6% (=4-6 W m~2 equivalent diurnal average flux) for clear land and desert. This
dependence on scene type is shown to be partly caused by differences in spatial resolution between CERES and
ERBS and by errors in the unfiltering method used in ERBS. When the CERES measurements are spatially
averaged to match the ERBS spatial resolution and the unfiltering scheme proposed in this study is applied to
both CERES and ERBS, the ERBS all-sky SW radiances increase by =~1.7%, and the CERES radiances are now
consistently =3.5%-5% lower than the modified ERBS values for all scene types. Further study is needed to
determine the cause for this remaining difference, and even calibration errors cannot be ruled out. CERES LW
radiances are closer to ERBS values for individual scene types—CERES radiances are within =0.1% (=0.3 W
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m~2) of ERBS over clear ocean and =0.5% (=~1.5 W m~2) over clear land and desert.

1. Introduction

Global, top-of-atmosphere (TOA) observations of the
incoming solar and outgoing terrestrial fluxesare needed
to accurately determine the earth’s radiation budget. The
most comprehensive experiment to date to produce such
measurementsisthe Earth Radiation Budget Experiment
(ERBE; Barkstrom 1984; Barkstrom and Smith 1986).
ERBE involved broadband scanning and nonscanning
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radiometers aboard the Earth Radiation Budget Satellite
(ERBS), NOAA-9, and NOAA-10. The ERBE scanning
instruments consisted of a total channel (TOT), mea-
suring radiation from 0.2 to greater than 50 um, a short-
wave channel (SW) between 0.2 and 5 uwm, and a long-
wave channel (LW) between 5 and 50 wm. To recognize
the important role of clouds on the earth’s radiation
budget, the Clouds and the Earth’s Radiant Energy Sys-
tem (CERES) experiment was established to provide
comprehensive datasets of coincident cloud and radia-
tion budget data using a multisatellite, multiple-instru-
ment approach (Wielicki et al. 1996). In addition to
having SW and TOT channels, CERES has a window
channel (WN) (8-12 um) for improved estimates of
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surface and atmospheric radiative fluxes and to provide
a means of separating window and nonwindow atmo-
spheric greenhouse effects. Cloud properties are deter-
mined based on coincident, high-resolution imager mea-
surements.

Several steps are required to produce monthly re-
gional TOA fluxes from raw ERBE or CERES mea-
surements. Radiation received by an instrument viewing
the earth from a given sun—earth—satellite configuration
must first be converted from digital counts to calibrated
“filtered” radiances. Because filtered radiances are de-
pendent upon how the radiation is filtered through the
instrument optics, a procedure is applied that corrects
for the imperfect spectral response of the instrument.
This produces *“ unfiltered”” radiances that represent the
radiation received by the instrument prior to entering
the optics. TOA fluxes are estimated using empirically
derived anisotropic or angular distribution models
(ADMs) that convert unfiltered radiances to instanta-
neous radiative fluxes. A major improvement in CERES
ADM development is the availability of coincident CE-
RES measurements with imager-derived cloud proper-
ties (Wielicki et al. 1996; Loeb et al. 1999). The ap-
proach for determining regional monthly mean fluxesis
described in Young et al. (1998). Other CERES prod-
ucts, such as surface and atmospheric fluxes and cloud
properties, are described in Wielicki et al. (1996).

This paper describes the methodology used to deter-
mine unfiltered radiances from CERES measurements.
In the following, the unfiltering algorithm and the as-
sociated spectral radiance database are described, fol-
lowed by an error analysis based on theoretical test cas-
es. Next, a detailed statistical comparison of SW and
LW radiances between CERES on the Tropical Rainfall
Measuring Mission (TRMM) and ERBS is presented
using three months (June, July, and August) of CERES
and 5 yr of ERBS measurements for the same months.
Last, the relationship between WN and LW nighttime
radiances derived from CERES measurements and from
line-by-line radiative transfer model calculationsis ex-
amined.

2. Methodology
a. Filtered radiances

Radiation from earth scenes is collected and focused
by primary and secondary mirrors. The radiation passes
through the spectral filter, impinges on the detector, and
causes a signal that is sampled and processed by the
electronics. The three CERES detectors are coaligned
and mounted on a spindle that rotates about the elevation
axis. Thefields of view for the separate channelsoverlap
each other by approximately 98%. CERES detector out-
put signals are fed into the telemetry stream as voltages,
which are converted into digital counts. Radiometric
count conversion algorithms convert the detector digital
counts into filtered radiances, using calibration (count
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conversion) coefficients (Priestley et a. 2000) that are
derived in ground laboratory measurements.

At the present time, CERES instruments aboard the
TRMM and Terra satellites are in operation. Two more
CERES instruments are scheduled to fly on the Aqua
satellite starting in 2001. Based on 8 months of available
TRMM observations, the CERES instrument has shown
a consistency of =0.25% between in-orbit and ground
calibration. A more detailed description of the procedure
for determining CERES filtered radiances and a sum-
mary of itsfirst year of operationisprovidedin Priestley
et al. (2000).

b. Unfiltering algorithm

For use in science applications, radiances from earth
scenes should be independent of the optical path in the
instrument. Furthermore, because radiation escaping the
earth’s TOA is predominantly in the form of reflected
solar and emitted thermal energy, it is desirable to sep-
arate radiance measurements unambiguously according
to these categories across the spectrum. Measured fil-
tered radiances must thus be unfiltered, or equivalently,
corrected for the imperfect spectral response of the in-
strument. This section describes an algorithm to convert
measured CERES filtered radiances to unfiltered radi-
ances.

Unfiltered reflected SW and emitted LW and WN
radiances are defined as follows:

mav = f 15 da, (1a)
0

m;W =f l¢dr, and (1b)
0
A2

mwN = f le dA, (1)
A1

where A (um) is the wavelength, and I, and 1§ (W m—2
sr—1 um~1) represent the reflected solar and emitted ther-
mal radiances, respectively. For CERES, the unfiltered
WN radiance m is defined over awavelength interval
of A, = 81 um and A, = 11.8 um. The unfiltered
radiances are determined from the measured filtered ra-
diances, which can be modeled as

m = fsﬁ'lAdA. @

where S, is the spectral response function (0 = S, =
1.0); I, (W m=2 st um™1) is the spectral radiance in-
cident on the instrument (=17, + 1¢); and j denotes the
SW, TOT, or WN channel. The spectral response func-
tions for the CERES-TRMM detectors are shown in
Fig. 1a These functions represent the spectral through-
put of the individual detector optical elements deter-
mined from laboratory measurements (Priestley et al.
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CERES-TRMM Spectral Response Functions
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Fic. 1. Spectral response functions for (a) CERES-TRMM and (b)
ERBS.

1998). For comparison, Fig. 1b shows spectral response
functions for the ERBS instrument. CERES-TRMM
spectral response functions have a higher throughput
and a flatter response over more of the spectrum when
compared with ERBS. An exception occurs in the ul-
traviolet region between 0.3 and 0.4 um, where the
CERES spectral response function exhibits a large de-
crease. Differences between the CERES and ERBS
spectral response functions are due to the different mir-
rors on the two instruments—CERES uses silvered pri-
mary and secondary mirrors, and auminum mirrors
were used on ERBE.

Unfiltered reflected SW radiances m3¥ and emitted
WN radiances m¥N are determined from the filtered ra-
diance measurements as follows:

mgY = a, + a,(mP™) + a(mP*)> and  (3)
myN = by + by (M™N) + by (m™)2, 4

where a,, a,, a,, b,, b;, and b, are theoretically derived
regression coefficients that depend on scene type and
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Filtered SW Radiance (W m™ sr’')

Filtered WN Radiance (W m? si™)

FiG. 2. Filtered SW against filtered WN radiance measurements at
night from 6 days of CERES-TRMM measurements between Jan and
Apr of 1998. Solid line corresponds to second-order polynomial fit
defined in Eq. (4).

viewing geometry. Here, m?Vr represents the reflected
portion of the filtered SW radiance measurement and is
given by

e = MY — mpte, ©)

where mPWe is the emitted thermal portion of m#¥ and
is estimated from m#N using a predetermined empirical
second-order polynomial expression relating nighttime
m and m¥N measurements. This relationship is shown
in Fig. 2 based on 6 days of CERES-TRMM measure-
ments. The least squares fit is given by

Pt = ko + k(M) + k(MmN (6)

where k, = 0.120 781, k, = —0.001 696 59, and k, =
0.000 687 465. Note that because the refl ected solar con-
tribution is negligible in the window region, m¥N in Eq.
(4) is assumed to consist entirely of emitted thermal
radiation for both daytime and nighttime conditions.
As for ERBE, the CERES unfiltered emitted LW ra-
diance is determined from measurements in the other
channels. Here we use expressions of the form

m¥(D) = ¢ + c,mP¥ + c,mf°T + ¢;m™N - and

miY(N) = do + dymioT + d,m™, )

where c,, c,, C,, Cs, d,, d;, and d, are theoretically
derived regression coefficients, and D and N denote day-
time and nighttime, respectively.

Regression coefficients in Egs. (3), (4), and (7) are
obtained from a regression analysis of theoretically de-
rived filtered and unfiltered radiances in each channel.
The simulated radiances are inferred from a spectral
radiance database of typical earth scenesand the spectral
response functions in Fig. 1. To determine m¥r in these
simulations, 1, in Eq. (2) is replaced with I7,.
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TABLE 1. Regression coefficient angular bin definitions (°).
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TABLE 2. Scene types for which regression coefficients are

determined.
Solar zenith Viewing Relative azimuth
angle zenith angle angle Channel Ocean Land or desert Snow
0.0-22.2 0.0-15.0 0-15.0 SW Clear, cloud Clear, cloud All
22.2-41.4 15.0-30.0 15.0-60.0 LW All All All
41.4-60.0 30.0-45.0 60.0-120.0 WN All All All
60.0-75.5 45.0-60.0 120.0-165.0
75.5-85.0 60.0-90.0 165.0-180.0

c. Soectral radiance database

The spectral nature of representative earth scenes is
determined from high-spectral-resolution radiative trans-
fer model calculations using measured input parameters
characteristic of earth scenes. The spectral radiance da-
tabase is determined from two radiative transfer codes,
moderate-resolution transmittance model (MODTRAN
3.7; Kneizys et a. 1996) and discrete ordinate radiative
transfer (DISORT; Stamnes et a. 1988). Window channel
and TOT (N) radiances are computed at a spectral res-
olution of 2 cm~* in intervals of 2 cm~*, and SW and
TOT (D) channels are computed at a spectral resolution
of 20 cm~t in intervals of 10 cm~*. Eight streams are
used in the DISORT calculations. Increasing the number
of streams in the calculations to 64 was found to have a
negligible effect on the unfiltering agorithm (<0.02%
difference in unfiltered:filtered radiance ratios, even for
thick overcast clouds). Unfiltered radiances are deter-
mined by integrating spectral radiances over the appro-
priate wavenumber interval using Gaussian quadrature
(5000 quadrature points are used). In a similar way, fil-
tered radiances are computed by integrating over the
product of spectral radiance and spectral response func-
tion. The regression coefficients are evaluated at 125 an-
gles (5 solar zenith; 5 viewing zenith; 5 relative azimuth)
for the angles shown in Table 1.

Scene-type categories used in the unfiltering algo-
rithm are defined in Table 2 for each channel. Three
geotype categories (ocean, land and desert, and snow)
are considered. The shortwave channel is further sub-
divided into clear and cloudy categories. Spectral ra-
diances from 119 scenes were used to represent ocean,
102 were used for land or desert, and 51 were used for
snow. The oceanic spectral radiance calculations as-
sumed a tropical atmospheric profile (McClatchey et al.
1972) and a maritime aerosol model (Shettle and Fenn
1979). MODTRAN was modified to allow for a rough
ocean surface based on Takashima (1985), which uses
the Cox and Munk (1954) approach for simulating ocean
surface roughness. Table 3 shows the 0.55-um aerosol
and cloud optical depths, surface temperatures, and
cloud types used to represent cloud-free and overcast
oceanic scenes. Radiances from broken clouds were de-
termined for cloud fractions of 0.25, 0.50, and 0.75 by
linearly weighting cloud-free and overcast filtered and
unfiltered radiances for al combinations of cloud-free
and overcast scenes. Table 4 summarizes the atmo-
spheric profiles, aerosols, surface types, and surface

temperatures considered for the cloud-free calculations
over land and desert. The atmospheric profiles are from
McClatchey et al. (1972); aerosol models are based on
Shettle and Fenn (1979). References for the surface
spectral albedo are provided in Table 4. Cloud spectral
radiances over the land surfaces are computed for each
surface type using the same cloud conditionsasin Table
3 for ocean. Scene properties for calculating spectral
radiances over snow are shown in Table 5. In all cases,
a subarctic winter profile (McClatchey et al. 1972) and
tropospheric aerosol model (Shettle and Fenn 1979) is
assumed. Surface albedos are determined using the Wis-
combe and Warren (1980) snow albedo model for three
snow grain sizes (r, = 50 um; ry = 200 um, and r, =
1000 um). The overcast cloud models for subvisua
cirrus, cirrus, stratus, and stratocumulus are based on
Silverman and Sprague (1970).

3. Error analysis

To test the unfiltering algorithm, theoretical filtered
and unfiltered radiances computed for surface and at-
mospheric conditions different from those used to gen-
erate the regression coefficients in Egs. (3), (4), and (7)
are considered. Applying the unfiltering algorithm to
these cases and comparing estimated unfiltered radi-
ances with the “true” calculated values provides an
estimate of the error in the unfiltering procedure. Tables
6 and 7 show the conditions used to test the unfiltering
algorithm. Note that the same overcast conditions (Table
6) were used over ocean and land. Over ocean, a total
of 1541 test cases were considered, and 10 940 cases
were considered over land.

TABLE 3. Summary of cloud-free and overcast properties used in
radiative transfer calculations for oceanic conditions.

Surface
Optical depth temperature
(at 0.55 um) (K) Cloud
0 320 -
0.055 310 -
0.09 300 -
0.161 295 -
0.301 290 -
0.674 285
1171 280 -
4 300 Cirrus
12 300 Cirrus
14 300 Stratus
217 300 Cumulus
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TasLE 4. Summary of cloud-free properties used in radiative transfer calculations for land or desert conditions.
Surface
Optical depth temperature
Atmosphere Aerosol (at 0.55 um) Surface type (K)
Tropical Desert 0.14 Desert (Tarnopolskiy 1978) 310
Tropical Desert 0.14 Dry sand (Colwell 1983) 300
Midlatitude summer Rural 0.30 Vegetation (Colwell 1983) 295
U.S Sandard Atmosphere, 1976 Rural 0.30 Coniferous forest (Kriebel 1978) 285
U.S Standard Atmosphere, 1976 Rural 0.30 Forest conifer species (Tarnopolskiy 1978) 280
Midlatitude winter Rural 0.30 Dry meadows grass (Kriebel 1978) 275

Figures 3-5 show the relative error [=(A, — A)/A X
100%, where A, is the estimate and A is ““‘truth’’] in the
unfiltered radiance estimate against the true unfiltered
radiance for the SW, LW, and WN channels. Under
cloud-free conditions (Figs. 3a—d), relative errorsin in-
stantaneous SW reflectances are generally less than 1%.
Over ocean (Figs. 3a,b), the largest error (=1%) occurs
for the Indian Ocean Experiment (INDOEX) case, for
which the aerosols are strongly influenced by anthro-
pogenic sources with an abundance of submicron par-
ticles and relatively high levels of soot, organics, and
fly ash (Satheesh et al. 1999). Cases with errors of less
than — 1% are found to occur over clear land (Figs. 3c,d)
in extreme conditions, when aerosol optical depths ex-
ceed 1 for the rural and urban aerosol models. In Figs.
4a—d, the cloud-free results are shown together with
those for broken and overcast clouds. Over ocean, rel-
ative errors remain well below 1% for all cloud cases
(Figs. 4a,b). Over land (Figs. 4c,d), relative errors can
be as high as =1.5% for cirrus clouds with optical
depths less than 1. Figs. 5a and 5b show relative errors
for LW and WN channels, respectively. Relative errors
for the LW cases are generally less than =0.2% except
for very cold deep convective cloud cases, for which
relative errors are closer to ~0.4%. Relative errors are
even smaller (<=0.2%) for the WN channel. The un-
filtering al gorithm was also tested in various snow con-
ditions for different atmospheric profiles, aerosol, and
cloud types, snow grain sizes, and soot concentrations
in snow (not shown). Relative errors in each channel
were found to be similar to those obtained over ocean
and land.

Because separate unfiltering regression coefficients

TABLE 5. Summary of cloud-free and overcast properties used in
radiative transfer calculations for snow conditions.

Optical Snow grain Surface
depth size temperature
(at 0.55 um) () (K) Cloud

0.03 50 257 -
0.03 200 260 -
0.03 1000 270 -
0.3 All above All above Subvisual Cirrus
2 All above All above Cirrus

90 All above All above Stratus

4 All above All above Stratocumulus

are used in determining unfiltered SW radiances under
clear and cloudy conditions, scene identification error
(i.e., whether a scene is clear or cloudy) is another
source of uncertainty. To provide an upper bound on
how scene identification errors affect the accuracy of
unfiltered SW radiances, we have modified the analysis
in Fig. 4 by determining the unfiltered SW radiances
for clear scenes using regression coefficients derived
under cloudy conditions, and the unfiltered SW radi-
ances for cloudy scenes using regression coefficients
derived under clear conditions. Thisis equivalent to the
case where scene identification errors occur 100% of
the time. Results in Fig. 6 show that the largest errors
(reaching =3%) occur for the bright cloudy scenes, and
remain less than 2% for clear scenes. Because most
scene identification schemes are capable of discrimi-
nating between clear and bright cloudy scenes over
ocean and land, the <2% bound is a more realistic es-
timate of the uncertainty resulting from scene identifi-
cation errors.

4. Comparisons between CERES-TRMM and
ERBS

Because instrument bias errors (e.g., due to calibra-
tion and/or offset errors) typically show little or no sen-
sitivity to scenetype (e.g., cloud cover, geotype), ascene
type dependence in unfiltered radiance differences be-
tween two or more instruments is a good indicator of
potential unfiltering errors. Such a comparison is par-
ticularly useful if the instruments under consideration
have very different spectral response function charac-
teristics. It would be desirable to compare coincident
unfiltered radiances, but such a comparison requiresin-
struments that are either on the same spacecraft or in
very similar orbits—a situation not often realized. An
alternate approach is to make a composite of several
months of measurements by scene type and to compare
stetistically the unfiltered radiances from different in-
struments. This allows comparisons between any set of
instruments but may be affected by other factors, such
asdiurnal, seasonal, and climatol ogical changesin cloud
and surface properties, instrument differences (e.g., in-
strument spatial resolution), and scene identification er-
rors.

It was noted earlier that CERES-TRMM and ERBS
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TABLE 6. Unfiltering algorithm test case properties for ocean.

Atmospheric profile
[boundary temperature (K)]

Aerosol type

(0.55-um optical depth)

Cloud type
[0.55-um optical depth;
cloud-top height (km)]

Tropical (T, = 280-310)
Midlatitude summer (T, = 270-300)
Midlatitude winter (T, = 250-280)
Subarctic summer (T, = 260-290)
Subarctic winter (T, = 240-270)

None

Maritime (7 = 0.02-1.0)
Rural (7 = 0.02-1.0)
Urban (7 = 0.02-1.0)
Desert (r = 0.02-1.0)

Cumulus (7 = 217; z, = 3)

Stratus (7 = 38,z = 1)

Cirrus (7 = 0.05-30; z = 7-13)
Subvisual cirrus (7 = 0.01-0.05; z, = 12)
Deep convection (r = 217; z. = 15-17)

INDOEX (7 = 0.13)

have very different spectral response functions (Fig. 1).
In addition, there are other noteworthy differences: (i)
CERES-TRMM has a footprint size of 10 km (equiv-
alent diameter at nadir) as compared with 40 km for
ERBS; (ii) ERBS measures filtered SW, LW, and TOT
radiances but CERES-TRMM measures filtered SW,
WN, and TOT radiances; (iii) ERBSisina57°inclined
orbit and CERES-TRMM isin a 35° inclined orhit; (iv)
the unfiltering algorithm used to determine ERBS un-
filtered radiances (described in Green and Avis 1996)
is very different from that described in section 2b and
is based on a different spectral database [described in
Arduini (1985)]. To unfilter SW radiances, the ERBE
unfiltering algorithm uses a theoretical ratio between
unfiltered and filtered radiances defined at various an-
gles in overcast and cloud-free conditions over ocean,
land, desert, and snow (interpolation between these the-
oretical ratios is used to determine coefficients under
partly and mostly cloudy conditions). For CERES, a
more general expression [Eq. (3)] that accounts for po-
tential nonlinearities and nonzero intercepts in the fil-
tered—unfiltered radiance relationship isused. To unfilter
the ERBS LW channel, an expression similar to that in
Eq. (7) is used in the ERBE algorithm except that the
coefficients ¢, ¢, d,, and d, are assumed to be zero
and the LW channel replaces the WN channel. The CE-
RES algorithm uses linear interpolation to determine
radiances at angles that lie between angular bin end-
points (no angular interpolation is used for ERBS).
Because of the differences between the CERES-
TRMM and ERBS spectral response functions, signif-
icant errors occur when the ERBE unfiltering approach
is applied to CERES-TRMM. To illustrate, Figs. 7a—d

show the theoretical ratio between unfiltered and filtered
SW radiances for clear and overcast scenes over ocean
and land at a solar zenith angle of 60° at nadir (the same
scenes as in section 3 were used). For CERES-TRMM,
thisratio shows an =~10% variation for clear scenesover
ocean and a 15% variation for overcast scenes. The
variability inthisratio ismuch smaller for ERBS—=2%
for clear scenes and =4% for overcast. Over land, the
ERBS unfiltering ratio is highly variable—it shows an
~6%—-8% variation in Figs. 7b and 7d as compared with
~2%—4% for CERES-TRMM (Figs. 7a,c). Figures 7b
and 7d also show the unfiltering coefficients used in the
ERBE production code for the ERBS instrument (shown
as horizontal lines). Of interest, the ERBS production
values for clear ocean are =2% lower than those for
the cases considered in Fig. 7b. The reason for the dis-
crepancy is because a very large aerosol optical depth
was used for clear ocean in the ERBE clear ocean spec-
tral radiance database (Arduini 1985)—ameteorological
range of 5 km was used in that database, which cor-
responds to a 0.55-um aerosol optical depth of about
1. For clear land, the ERBE production unfiltering co-
efficient is in good agreement with the cases shown in
Fig. 7b. For overcast scenes, large differencesare shown
in Fig. 7d, even for very thick clouds (where differences
are typically =3%).

a. SW reflectance comparisons

Three months of CERES-TRMM unfiltered radiances
from June, July, and August (JJA) of 1998 between 20°S
and 20°N are compared with ERBS scanner measure-
ments for the same months over a 5-yr period (1985—

TABLE 7. Unfiltering algorithm test case properties over clear land.

Aerosol optical depths

Surface Aerosol type (at 0.55 um)
Dry sand (Bowker et al. 1985) Desert 0.0, 0.15
Dry meadows grass (Tarnopolskiy 1978) Rural, urban 0.0, 0.16, 1.2
Conifers (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Deciduous (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Grass (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Brown silty loam (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Dark reddish brown loam (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Reddish brown loam (JPL 1998) Rural, urban 0.0, 0.16, 1.2
Dark reddish brown silty loam (JPL 1998) Rural, urban 0.0, 0.16, 1.2
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89). To minimize uncertainties due to scene identifi-
cation errors, the CERES ERBE-like product is consid-
ered. Scene identification in this product is determined
based on the maximum likelihood estimation technique
(MLE; Wielicki and Green 1989), the same algorithm
used in ERBE.

Figures 8a—c show relative frequency distributions of
near-nadir (viewing zenith angles =5°) SW reflectance for
all scenes over ocean at solar zenith angles between 5°
and 10° (Fig. 8a), 35° and 40° (Fig. 8b), and 65° and 70°
(Fig. 8c). Reflectance (or isotropic albedo) is defined as

m3W(0, 6,
m u ( 0 (r{)) (8)
cos(6,)Eo
where 0 is the observer viewing zenith angle, 6, is the
solar zenith angle, ¢ is the azimuth angle relative to

the solar plane defined between 0° and 180° (¢ = 0°
corresponds to forward scattering), and E, is the solar

r(6, 0y, ¢) = X 100%,

irradiance (W m~2) corrected for earth—sun distance. To
examine how the factor of 4 difference in spatia res-
olution between CERES-TRMM and ERBS affects the
comparisons, two sets of results are shown for CERES-
TRMM: ““CERES (fullres)” corresponds to full-reso-
lution (10-km equivalent diameter) CERES-TRMM
measurements; ‘' CERES (lowres)’” corresponds to spa-
tially averaged CERES-TRMM measurements with a
resolution close to that of ERBS (=40-km equivalent
diameter). CERES (lowres) footprints are formed by
averaging two scans of eight along-scan full-resolution
CERES-TRMM footprints. In averaging the CERES
footprints to match the ERBS resol ution, the 95% point-
spread-function of both instrumentsisused and footprint
overlap is taken into account.

The CERES frequency distributions in Figs. 8a—c
show very good agreement with those from ERBS when
CERES footprints are spatially averaged [ CERES (low-
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(b) Ocean; 6,=60°; 6=0°; ¢=0°
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Fic. 4. Relative error in unfiltered SW radiance estimate against the true unfiltered SW radiance for clear, broken, and overcast scenes
over (a) and (b) ocean and (c) and (d) land in two viewing geometries: (left) 6, = 0°, § = 30°, ¢ = 142°% (right) 6, = 60°, 0 = 0°, =
0°.

res)]. As CERES footprint size increases, the width of
the frequency distribution increases and the peak shifts
toward larger reflectances, in better agreement with
ERBS. Of interest, the sensitivity of the CERES fre-
quency distribution to footprint size also increases with
solar zenith angle. Figure 9a compares mean reflec-
tances from clear footprints as identified by the ERBE
MLE technique (Wielicki and Green 1989) with solar
zenith angle, and Fig. 9b shows the corresponding rel-
ative differences between CERES and ERBS values
[(CERES — ERBS)/ERBS X 100%]. In all cases, the
CERES mean reflectances are lower than those of
ERBS. Relative differences are as high as =9% for the
full-resolution case but are only ~2% for CERES (low-
res). Also, the relative differences show little or no sen-
sitivity to solar zenith angle. The drastic change in the
CERES-ERBS reflectance difference with footprint size
in Fig. 9b occurs because larger footprints identified as
clear under the MLE technique suffer from greater cloud
contamination than smaller footprints. That is, because
there is a greater likelihood of encountering undetected
subresolution cloud when the footprint size is large, it

becomes much more difficult to identify cloud-free foot-
prints unambiguously. Consequently, CERES clear-sky
SW reflectances tend toward ERBE clear-sky values
when footprint size differences between the two instru-
ments are removed.

Relative differences between CERES and ERBS SW
reflectances for other surfacetypesare provided in Table
8 for both full-resolution and spatially averaged CERES
footprints. Results for scenes identified as clear and
overcast are shown together with the **al-sky’ differ-
ence inferred from averages obtained by considering all
observed CERES and ERBS footprints between 20°N
and 20°S. To identify cold deep convective clouds, the
approach outlined in Currey and Green (1999) was used.
Also shown in Table 8 are differences between reflec-
tances obtained when both CERES and ERBS reflec-
tances are unfiltered using the technique outlined in sec-
tion 2b [Eq. (3)]. Overall, the ERBS all-sky SW radi-
ances were found to increase by =1.6% using the new
technique. The last column in Table 8 provides an es-
timate of the natural variability in the CERES-ERBE
relative differences determined from the 95% confi-
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dence interval (relative to the mean reflectance) from 5
yr of ERBS JJA SW reflectances for each scene type.
For the individual scene types, relative differences be-
tween CERES and ERBS range from =~—-8.8% to
~2.2% for the CERES (fullres) case, as compared with
~—4.7%to ~—1.0% for the CERES (lowres) case. Not
surprisingly, CERES footprint size has a much smaller
influence on SW reflectances over brighter surfacessuch
as clear land and desert than it does over clear ocean.
When both ERBS and CERES data are unfiltered using
the same technique [i.e., based on Eq. (3)], relative dif-
ferences show much less dependence on scene type,
ranging between ~—4.7% and =—3.4% for the indi-
vidual scenes. The al-sky relative differences in Table
8 (last row) are different from those for the individual
scene types because of differences in the CERES and
ERBS populations in these datasets. That is, because
the relative frequency of occurrence of individual scene
types is not exactly the same for CERES and ERBS,
the overall mean reflectance from the two datasets is
different, independent of errors caused by the unfiltering
technique. Scene-type frequencies of occurrence for the
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ERBE scene types are shown in Table 9. Similar results
to those in Tables 8 and 9 are obtained when all other
viewing geometries are considered.

The =—4.7% to =—3.4% (=—4% on average) dif-
ference in SW reflectance between CERES and ERBS
for individual scenetypesissurprisingly large. Because
this difference shows very little sensitivity to scenetype
(i.e., when ERBS and CERES radiances are unfiltered
using the same technique), the cause is likely not due
to the unfiltering method. A more likely cause is cali-
bration differences between CERES and ERBS.

Other factors that may complicate the comparison
between CERES and ERBS include uncertaintiesin cor-
recting for the thermal component of the ERBS SW
channel (Green and Avis 1996), differencesin sampling
between CERES and ERBS, and the fact that the CE-
RES-TRMM and ERBS measurements were recorded
~10 yr apart, so that any changes in surface properties
are unaccounted for.

b. LW radiance comparisons

Relative differences between CERES-TRMM and
ERBS near-nadir LW radiances for the same period con-
sidered in section 4a are shown in Figs. 10ab as a
function of scene type for daytime (Fig. 10a) and night-
time (Fig. 10b) conditions. The CERES (lowres) radi-
ances are compared with the original ERBS radiances
(denoted by “ERBS"), and the ERBS radiances unfil-
tered with the algorithm described in section 2b [de-
noted in the figure by “ERBS (Eq. 3)"']. CERES LW
radiances are within =~0.1% of ERBS values over clear
ocean, and within =0.5% over clear land and clear de-
sert. The reason for the systematic decrease in daytime
relative differences with increasing cloud cover is due
to a bias in the shortwave portion of the TOT channel
on ERBS. Green and Avis (1996) showed that, over 4
yr of ERBS scanner operation, the SW part of the TOT
channel increased by =1.3%. This increase caused a
0.2% increase in daytime clear ocean LW fluxes and an
increase of =2.6% in LW fluxes for overcast scenes.
Thisincrease in ERBS radiances with cloud cover caus-
es a decrease in CERES-ERBS relative differences.

Because of differencesin the frequency of occurrence
of individual scene types between CERES and ERBS
(Table 9), the relative difference in the all-sky mean LW
radiance is very large—during the daytime, all-sky LW
radiances from CERES are =~1.1% higher than ERBS
archived values; at night, CERES radiances are higher
by ~2.1%. Applying the unfiltering algorithm proposed
in section 2b to the ERBS data reduces the CERES-
ERBE relative differences for most scene types. The
relative difference for the all-sky case is now =~0.6%
during the daytime but remains high at night (=1.9%).
Note that the daytime relative difference is likely too
low because of the overestimate in the ERBS daytime
LW radiance caused by the error in the ERBS SW part
of the TOT channel. If thiswere corrected, the CERES-
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Fic. 6. Relative error in unfiltered SW radiance estimate for the same cases as in Fig. 4 but where the unfiltered SW radiances for clear
scenes (‘‘clear’”) are determined using regression coefficients derived under cloudy conditions, and the unfiltered SW radiances for cloudy
scenes (“‘broken” and ‘‘overcast’’) are determined from regression coefficients derived under clear conditions.

ERBE daytime differences would be closer to =2%,
consistent with the nighttime values.

5. Window channel radiance comparison with
model calculations

In the absence of a window channel on ERBS, an
alternate approach for validating unfiltered WN radi-
ances is to compare CERES measurements with line-
by-line radiative transfer calculations. Such a compar-
ison was recently performed by Kratz et al. (2000, man-
uscript submitted to J. Geophys. Res.) for deep con-
vective clouds (DCC). Figures 11ab from that study
show filtered TOT against filtered WN radiances (Fig.
11a) and unfiltered LW against unfiltered WN radiances
(Fig. 11b) from line-by-line calculations and from CE-
RES nighttime DCC measurements. The regressions uti-
lized al occurrences of DCC from August of 1998. To
identify DCC conditions, afiltered WN radiance thresh-
old of 4 W m~2 sr=* at nadir was used, which corre-
sponds to a brightness temperature of =217 K. Theo-

retical simulations are based on a McClatchey (1972)
tropical atmosphere and DCC parameterizations with
cloud tops between 13 and 19 km. Several cloud optical
depths and wavelength-dependent cloud extinction co-
efficients were considered. Theory and measurement are
in very good agreement for both the filtered and unfil-
tered radiancesin Figs. 11a,b. Theline-by-lineradiances
are within =0.2% (1 std dev) of the filtered radiance
measurements and within =0.4% (1 std dev) of the un-
filtered measurements.

6. Summary

Broadband scanning radiometers measure filtered ra-
diances, whereas most science applications of radiation
budget data require radiances that do not depend on the
optical path in the instrument. A method for unfiltering
CERES radiance measurements that uses theoretically
based regressions between filtered and unfiltered radi-
ances for the CERES SW, LW, and WN channels was
presented. In this method, regression coefficients are
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The solar zenith angle is 60°, and the viewing zenith angle is at nadir. Lines in Figs. 7b and 7d
correspond to the unfiltering coefficients used in the ERBE production code.

stratified by viewing geometry and scene type. Scene
types are determined by the surface type (ocean, land
and desert, and snow) and whether cloud is present.

A detailed error analysis shows that instantaneous
relative errorsin the unfiltering procedure are generally
well below 1% for SW radiances (std dev =0.4% or
~1 W m~2 equivalent flux), except in the presence of
very thin cirrus and in cloud-free conditions with large
concentrations of submicron absorbing aerosols. For
these cases, uncertainties are typically between =~1%
and 1.5%. For the LW channel, relative errors are gen-
erally less than =0.2% (std dev =0.1% or =0.3 W m~2
equivalent flux) except for very cold deep convective
cloud cases, for which relative errors are closer to
~0.4%. In the WN channel, relative errors are even
smaller [<=0.2% (std dev =0.1%)].

Because of large differences between CERES and
ERBS spectral response functions, it is inappropriate to
apply the ERBE method of unfiltering radiances (which
is based on a single unfiltering ratio) to CERES. For
ERBS, use of a single unfiltering ratio is less problem-
atic over ocean, with errors remaining less than =~4%.
However, over land, the ERBS unfiltering ratio can vary
by =~6%—-8%. Three months of CERES-TRMM unfil-
tered radiances from June, July, and August of 1998
between 20°S and 20°N were compared with ERBS
scanner measurements for the same months over a 5-yr

period (1985-89). To reduce scene identification errors,
both datasets used the MLE technique (Wielicki and
Green 1989) to identify the scene type. CERES fre-
guency distributions of SW reflectance over ocean show
good qualitative agreement with ERBS when CERES
footprints are spatially averaged to the ERBS resol ution.
When compared with ERBS archived unfiltered SW re-
flectances, full-resolution CERES reflectances are
~7.5% (=3 W m~2 equivalent diurna average flux)
lower than ERBS over clear ocean as compared with
~1.7% (=4 W m~2 equivalent diurnal average flux) for
deep convective clouds. When differences in footprint
size between CERES and ERBS are accounted for, CE-
RES values remain lower than ERBS by ~<1%-2%
(0.5-1.0 W m~2 equivalent diurnal average flux) for
clear ocean and deep convective clouds, and =4.7%
(=2.5-3.5 W m~2 equivalent diurnal average flux) for
clear land and desert. The scene type dependence in the
difference is reduced further when the unfiltering
scheme proposed in this study is applied to both CERES
and ERBS. In that case, ERBS all-sky SW radiances
increase by =~1.7%, and CERES values are lower than
the modified ERBS values by =3.4%—4.7% when the
CERES footprints are spatially averaged to match
ERBS. Further study is needed to determine the cause
for the ~4% difference between CERES and ERBS. At
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this stage, even calibration error cannot be ruled out as
a possible cause.

CERES LW radiances are within =0.1% (=0.3 W
m-2) of ERBS values over clear ocean and =~0.5%
(=15 W m=2) over clear land and desert. Under all-
sky conditions, daytime LW radiances from CERES are
~1.1% (=3 W m~2) higher than ERBS archived values;
at night, CERES radiances are higher by =2.1% (=5

TaBLE 8. Relative difference in CERES-ERBS SW reflectance for viewing zenith angles < 5°. The last column provides an estimate of
the natural variability in the CERES-ERBE relative differences determined from the 95% confidence interval (relative to the mean reflectance)

from 5 yr of ERBS JJA SW reflectances for each scene type.

1 Il 0,
Relative difference (%) ERBS 95% confidence
CERES (fullres) CERES (lowres) CERES (lowres) interval relative to
Scene type — ERBS — ERBS — ERBS [Eq. (3)] mean (%)
Clear ocean -75 -1.3 —-34 3.7
Clear land —-6.4 —-4.7 -34 4.0
Clear desert -6.2 —4.6 —4.7 33
Clear land—ocean mix -8.8 -25 -4.0 32
Overcast 2.2 -1.0 -36 19
Deep convective —-1.7 —-1.7 —4.6 11
All-sky -0.8 -0.8 —-24 18
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TaBLE 9. CERES and ERBS scene-type frequency of occurrence for daytime and nighttime.

Scene type frequency of occurrence (%)

Daytime Nighttime
CERES CERES CERES CERES
Scene type ERBS (fullres) (lowres) ERBS (fullres) (lowres)
Clear ocean 18 25 23 12 17 18
Clear land 5 6 6 5 7 7
Clear desert 3 3 3 3 3 3
Clear land—ocean mix 1 2 1 0.7 1 1
Partly cloudy ocean 29 24 27 39 34 36
Partly cloudy land/desert 6 5 6 6 5 5
Partly land—-ocean mix 2 1 2 2 2 2
Mostly cloudy ocean 17 15 14 16 13 13
Mostly cloudy land/desert 4 4 4 3 3 3
Mostly land—ocean mix 1 1 1 1 0.9 0.9
Overcast 14 14 13 12 16 10
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FiGc. 11. Comparison between line-by-line radiative transfer model
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W m~-2). When the CERES unfiltering approach is aso
used to unfilter ERBS LW radiances, the all-sky relative
difference is reduced to =0.6% during the daytime, and
remains high (=1.9%) at night. The small daytime dif-
ference is attributable to an error in the shortwave part
of the ERBS TOT channel. Comparisons between CE-
RES measurements and line-by-line model calculations
of WN and LW radiances are found to be consistent to
within =0.4%.
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